Tumor cells can induce certain cytokines and soluble receptors that have a suppressive effect on the immune system. In this study, we showed that an extracellular portion of a membrane-bound ligand of CD40 (soluble CD40 ligand; sCD40L) was significantly elevated in the serum of cancer patients compared with healthy donors. In addition, PBMCs from cancer patients had a relatively larger population of myeloid-derived suppressor cells (MDSCs), defined as CD33 ؉ HLA-DR ؊ cells, and these cells expressed higher levels of CD40. T-cell proliferation and IFN-␥ production decreased when stimulated T cells were cocultured with an increased amount of autologous MDSCs. The addition of recombinant monomeric sCD40L enriched MDSCs and had an additive inhibitory effect on T-cell proliferation. PBMCs cultured in vitro with sCD40L also showed an expansion of regulatory T cells (CD4 ؉ CD25 high Foxp3 ؉ ), as well as induction of cytokines, such as IL-10 and IL-6. Moreover, sCD40L-induced enrichment of programmed death-1-expressing T cells was greater in cancer patients than in healthy donors. Preexisting sCD40L also inhibited IL-12 production from monocytes on activation. These data suggest that the higher levels of sCD40L seen in cancer patients may have an immunosuppressive effect. These studies were registered at www.clinicaltrials.gov as NCT00060528, NCT00019695, NCT00179309, NCT00514072, NCT00081848, and NCT00436956. (Blood. 2012;120(15):3030-3038)
Introduction
Cancer cells can induce a variety of soluble factors, which have an immunosuppressive effect that helps tumor cells evade host immune responses. Emerging evidence suggests that myeloidderived suppressor cells (MDSCs) and T regulatory cells (Tregs) play a critical role in generating these tumor-derived soluble factors. 1 In humans, MDSCs are commonly defined as cells that express the myeloid marker CD33 but lack expression of HLA-DR. 2 An endocrine loop between tumor and suppressor cells, bridged by tumor-derived soluble factors, such as TGF-␤, IL-10, GM-CSF, and VEGF, can generate a potent immunoinhibitory effect on antitumor responses and promote survival and proliferation of cancer cells. 3, 4 Thus, studying new tumor-derived soluble factors necessary for the generation of suppressor-cell populations, and then targeting these factors, could be an additional strategy for treating cancer patients with immunotherapies.
CD40-CD40 ligand (CD40L) is a member of the TNF superfamily and is expressed at various levels on antigen-presenting cells, epithelial cells, and hematopoietic progenitor cells. 5, 6 The CD40-CD40L costimulatory pathway has been shown to play a crucial role in humoral responses in humans and in the production of cytokines, such as IL-10 and IL-12, by monocytes and macrophages. These cytokines modulate the function of T lymphocytes in antitumor responses. 7 A recent murine study suggested that CD40 is essential not only for MDSC-mediated immune suppression, but also for tumor-specific Treg expansion. Specifically, blockade of CD40-CD40L interaction by anti-CD40 antibody inhibited the development of Tregs and enhanced the efficacy of an established immunomodulatory therapy in an advanced tumor model. 8 In addition to its role in immune regulation of this pathway, evidence suggests that ligation of CD40-CD40L can directly promote either tumor-cell apoptosis or tumor growth because many tumor cells express CD40. This contradictory effect depends on the level of CD40L signaling: higher CD40L signaling induces tumor cell death, whereas lower signaling promotes tumor growth. 9 CD40L's indirect role in promoting tumor growth is a result of angiogenesis, which is mediated primarily by VEGF, TGF-␤, and other chemokines. Murine studies have suggested that CD40-CD40L promotes angiogenesis by inducing VEGF production from endothelial cells and by activating platelets. 8, 10 sCD40L is an 18-kDa functional trimer that is shed from activated T lymphocytes and platelets. 8, 11 The pathophysiologic function of sCD40L has been investigated mainly in cardiovascular diseases and certain autoimmune disorders. 12, 13 Patients with unstable angina have elevated plasma levels of sCD40L. An increased level of this protein is thus considered a very important factor in the evaluation of cardiovascular disease. 14 In cancer studies, investigation has mainly focused on the role of the membrane-bound CD40L in anticancer responses. To date, 15 clinical trials in the United States aimed at modulating this pathway to enhance immunity in cancer patients have been completed or are ongoing (www.clinicaltrials.gov). However, 2 reported studies showed that sCD40L is elevated in patients with metastasized lung cancer and undifferentiated nasopharyngeal carcinoma. 15, 16 In cancer patients, sCD40L is more likely derived from activated platelets than from T cells, a notion supported by evidence that cancer patients have significant platelet activation, as well as inadequate T-cell activation. [17] [18] [19] [20] These findings raise the question of whether the CD40-CD40L pathway functions as a double-edged sword, turning CD40-induced antitumor immunity into CD40-mediated angiogenesis and immune suppression. A better understanding of the underlying mechanisms of the CD40-CD40L pathway could thus lay the foundation for the development of new strategies for cancer immunotherapy.
In this study, we focused on the potential role of monomeric sCD40L, probably the predominant form in human serum, on phenotypic and functional changes in immune cells and hypothesized that elevated sCD40L in cancer patients may have an immunosuppressive effect.
Methods

Sera and cells
Serum samples from healthy donors were purchased from Innovative Research and Valley Biomedical. Cancer patients' sera were obtained from clinical trials conducted at the National Cancer Institute (www.clinical trials.gov): (1) a second-generation poxviral vaccine (PSA-TRICOM) targeting prostate-specific antigen (PSA) in metastatic castration-resistant prostate cancer (NCT00060528) 21 ; (2) a prostate cancer phase 2 trial using a combination of ketoconazole with and without alendronate (NCT00019695) 22 ; (3) a breast cancer phase 2 trial using docetaxel alone or in combination with vaccine (NCT00179309); (4) a prostate cancer vaccine trial targeting patients with no radiographic evidence of disease (NCT00514072); and (5) vaccine therapy and radiation to liver metastasis in patients with CEA-positive solid tumors (NCT00081848). All healthy donors' PBMC samples were isolated from the buffy coat by density gradient centrifugation (MP Biomedicals). PBMC samples were obtained from prostate cancer patients enrolled in clinical trials conducted at the National Cancer Institute: a prostate cancer trial using cediranib (NCT00436956) and the breast cancer phase 2 trial (NCT00179309). This study was conducted in accordance with the Declaration of Helsinki.
Isolation of CD33 ؉ DR ؊ cells and coculture with autologous T cells
To isolate CD33 ϩ HLA-DR Ϫ cells, fresh leukapheresis samples from healthy donors were first depleted of HLA-DR ϩ cells. Samples were stained with anti-HLA-DR-FITC antibody and anti-FITC beads, followed by positive selection of CD33 ϩ cells using anti-CD33 beads (Miltenyi Biotec). The purity of the isolation was tested by FACS analysis. Autologous T cells were also isolated from these samples. The T cells were labeled with CFSE and cocultured with the autologous CD33 ϩ HLA-DR Ϫ cells at different ratios, in the presence or absence of different concentrations of sCD40L (Enzo Life Sciences) or human serum albumin (Sigma-Aldrich) as an irrelevant protein. In some experiments, anti-CD40 blocking antibody (5 g/mL) was added to cultures (BioLegend). Supernatants were collected after 18 hours and IFN-␥ release was analyzed by ELISA. T-cell proliferation was assayed by CFSE dilution after 3-4 days of coculture.
Isolation of CD14 ؉ cells and monocyte stimulation
CD14 ϩ cells were isolated from fresh PBMCs by positive selection using anti-CD14-conjugated magnetic beads (MACS MicroBeads, Miltenyi Biotec). The cells (10 6 /mL) were then incubated with 2 g/mL of sCD40L for 20 hours, after which 300 U/mL of IFN-␥ and 1 L/mL of Golgi Stop, a protein transporter inhibitor maintaining the cytokine intracellularly (BD Biosciences), were added. Two hours later, a second signal consisting of 50 ng/mL lipopolysaccharide (LPS) was added to the culture. Cells were harvested 6 hours after the initial IFN-␥ stimulation, and intracellular staining of IL-12 was performed.
Measurement of sCD40L in serum samples
The serum level of sCD40L was determined by human sCD40L Platinum ELISA kit, according to the manufacturer's instructions (eBioscience). The standard range of this kit is 0-10 ng/mL.
Antibodies and flow cytometry analysis
Percentages of phenotypic markers on the surface of PBMCs were determined by flow cytometry. Direct staining by monoclonal antibodies was used to detect each of the cell-surface antigens. Intracellular staining with Foxp3 and IL-12 was performed according to the manufacturer's protocol (eBioscience). Programmed death-1 (PD-1), CD33, CD25, HLA-DR, CD11b, CD40, CD70, and CD14 were purchased from BD Biosciences. Flow cytometry analysis was measured by FACSCalibur (BD Biosciences), and the resulting data were analyzed with FlowJo Version 7.6 software (TreeStar).
T-cell proliferation assay
T-cell proliferation was determined by CFSE dilution analysis. CD3 ϩ cells were labeled with CFSE (Invitrogen) according to the manufacturer's instructions. The labeled CD3 ϩ T cells were then cultured in conditions according to the experimental designs. The level of CFSE in CD3 ϩ cells was analyzed by flow cytometry after 4 days of culture.
Results
sCD40L is elevated in serum of cancer patients
Before the comparison of sCD40L in serum samples between healthy donors and cancer patients (pretreatment), serum samples were evaluated from 2 different age groups: younger healthy donors (both male and female, average age 23 years) and older healthy donors (both male and female, average age 54 years). There were no age-related differences in sCD40L serum levels among the healthy donors, indicating that age is not a factor (data not shown). Next, the comparison of serum sCD40L levels between agematched healthy donors and pretreatment cancer patients was carried out. Results showed significantly higher levels of serum sCD40L in pretreatment cancer patients compared with healthy donors ( Figure 1A ). We also found no differences between pre-and posttreatment levels of serum sCD40L in prostate cancer patients participating in a clinical trial of a second-generation poxviral vaccine (PSA-TRICOM) targeting PSA 21 ( Figure 1B ). The Halabi nomogram 23 uses 7 baseline parameters to predict overall survival in prostate cancer patients treated with chemotherapy or secondline hormonal agents. Patients in the vaccine study whose survival was shorter than predicted by the Halabi nomogram showed a trend (P ϭ .06) toward higher pretreatment levels of sCD40L in serum than patients who outlived their Halabi-predicted survival ( Figure  1C ). In addition, serum samples from a previously described clinical trial 22 that used a combination of ketoconazole and alendronate to treat patients with castration-resistant prostate cancer were also analyzed and showed that the treatments lowered the levels of sCD40L in these patients ( Figure 1D ). Treatment with ketoconazole, an adrenal steroid inhibitor, was associated with sustained Ն 50% declines in PSA in about half of the patients in this trial, a proportion of responding patients similar to that seen with docetaxel-based therapy, 24 and abiraterone, a recently approved adrenal steroid inhibitor. 25 This observed difference was not the result of the quality of the serum samples because the samples were also tested for another soluble protein, sCD27, which appeared in reverse proportions to sCD40L in healthy donors and cancer patients (J.H., C.J., A.A., T.T., A.J., R.A.M., J. W. Hodge, K.Y.T., D. J. Liewehr, S. M. Steinberg, J.L.G., J.S., Soluble CD27-pool in humans may contribute to T cell activation and tumor immunity, manuscript in preparation). These results suggested that there was a difference in serum levels of sCD40L between healthy persons and cancer patients before treatment, and cancer chemotherapy could lower its levels.
PBMCs from cancer patients had more MDSCs and CD40-expressing MDSCs compared with healthy donors
To test the hypothesis that sCD40L plays an immunosuppressive role in cancer patients, we analyzed the expression of CD40 on CD33 ϩ HLA-DR Ϫ cells (MDSCs) in PBMC samples collected from healthy donors and pretreatment cancer patients. The results showed more MDSCs in samples from patients with either metastatic breast or prostate cancer than in samples from healthy donors (Figure 2A-B) . Further analysis revealed significantly higher numbers of CD40-expressing MDSCs in total PBMC in cancer patients than in healthy donors ( Figure 2C ), and the frequency of CD40 ϩ MDSC in cancer patients was 20%, compared with only 2% in healthy donors. These results suggest that the MDSCs in cancer patients are more likely to respond to sCD40L signaling.
sCD40L may induce MDSCs and enhance their suppression of activated T cells
We next investigated the influence of sCD40L on MDSCs in regard to autologous T-cell activation. It would have been ideal to use cancer patient PBMCs to test our hypothesis because more MDSCs and CD40 ϩ MDSCs were seen in cancer patients; however, only a small amount of cells was available in each blood draw from cancer patients. Hence, for the MDSCs/T separation and coculture experiments, we used fresh PBMCs from healthy donors, which were easier to obtain in large numbers from the blood bank. First, MDSCs were enriched from PBMCs, and different amounts of sCD40L or a single dose of irrelevant protein (human serum albumin) were added. The results indicated that, with an increasing amount of sCD40L in the culture, there was an expansion of MDSCs ( Figure 3A) . Next, we determined whether these sCD40L-treated MDSCs can inhibit T-cell activation. CFSE-labeled T cells were cocultured with autologous MDSCs at different ratios (1:1, 0.5:1, and 0.25:1) in the presence or absence of 2 g/mL of sCD40L. Results showed that T-cell proliferation and IFN-␥ release increased when fewer MDSCs were added to the culture and that the addition of sCD40L inhibited T-cell proliferation and IFN-␥ production ( Figure 3B,D) ; this inhibition was sCD40L dose-dependent ( Figure 3C ). To test whether the inhibitory effect (A) Elevated serum sCD40L in cancer patients. Serum sCD40L levels in HDs (n ϭ 16) were compared with levels in patients with metastatic breast cancer (Breast Ca, n ϭ 40), metastatic colon cancer (Colon Ca, n ϭ 17), or first-degree (1°) prostate cancer (Prostate Ca, n ϭ 30) before treatment of any kind. (B) sCD40L levels did not change after vaccination with PSA-TRICOM. Levels of sCD40L in 31 metastatic prostate cancer patients' sera before and after treatment with PSA-TRICOM vaccine were analyzed. (C) Association of pretreatment serum sCD40L levels with overall survival (OS) and Halabi-predicted survival (HPS) in prostate cancer patients vaccinated with PSA-TRICOM. Pretreatment serum samples were evaluated and compared for sCD40L between patients who had longer or shorter survival than their HPS. (D) Decrease in sCD40L in serum of prostate cancer patients after a combination of ketoconazole and alendronate treatments. Levels of serum sCD40L were analyzed by ELISA, and statistical analysis was performed using an unpaired t test. **P Ͻ .01. NS indicates not significant.
was specific to sCD40L, MDSCs were incubated with anti-CD40 blocking antibody (5 g/mL) for 4 hours before T cells and sCD40L were added. This resulted in the inhibitory effect of sCD40L on IFN-␥ release being reversed ( Figure 3E ). There was no difference between anti-CD40 antibody and control IgG on T cells alone ( Figure 3F ). This suggest that the anti-CD40 blocking antibody acted directly on the MDSCs in the MDSCs and T-cell coculture, rather than an action of the antibody on the T cells. These data suggest that sCD40L might expand and enhance the suppressive function of MDSCs, resulting in further suppression of T-cell activation.
sCD40L may increase Tregs in vitro
To assess the impact of sCD40L on the expansion of Tregs in vitro, 5 samples of PMBCs from healthy donors were cultured in medium containing low-dose IL-2 with or without 2 g/mL of sCD40L. PBMCs cultured in the presence of sCD40L showed a significant increase (2.5-fold on average, for 5 different healthy donors being tested individually) in CD4 ϩ CD25 high cells ( Figure 4A-B) . Further analysis demonstrated that the CD4 ϩ CD25 high cells were Foxp3 ϩ ( Figure 4C ). Taken together, these data suggest that sCD40L may stimulate/expand Tregs in vitro.
sCD40L induced greater PD-1 expression in vitro on activated T cells from cancer patients compared with healthy persons
Next, we evaluated the effect of sCD40L on surface expression of T-cell activation markers from PBMC samples from pretreatment metastatic prostate cancer patients and healthy donors and found that sCD40L enhanced CD3/CD28-stimulated T-cell activation markers, such as CD25 and CD70 after 4 days in culture ( Figure   5A -B). Interestingly, there was an enrichment of the PD-1 ϩ T-cell population in stimulated PBMCs only from the prostate cancer patients but no effect on samples from healthy donors ( Figure 5C ). When we divided the population of T cells into CD4 ϩ and CD8 ϩ T cells, there was on average a 5.5-and 9.7-fold increase in PD-1 expression for CD4 ϩ and CD8 ϩ T cells, respectively, in cancer patients compared with healthy donors ( Figure 5D ). The previous results led us to evaluate how sCD40L affects the cytokine profile of stimulated PBMCs from cancer patients. Pretreatment PBMC samples from 6 prostate cancer patients were cultured in 4 treatment groups, and the supernatants were tested by ELISA ( Table 1 ). The results demonstrated that, among the tested cytokines, IL-10 and IL-6 were significantly elevated on the addition of sCD40L after anti-CD3/CD28 stimulation. In addition, for IL-2 and GM-CSF, there was a trend of increase, but it was not statistically significant.
Preexisting sCD40L decreased IL-12 production in monocytes stimulated in vitro with IFN-␥ and LPS As described in this study, sCD40L may inhibit T-cell activation via MDSCs, expand the Treg population in vitro, enhance PD-1 expression on T cells, and elevate IL-10 and IL-6 production from anti-CD3/CD28-stimulated PBMCs from cancer patients. We further hypothesized that preexisting sCD40L in serum from cancer patients could potentially influence monocyte function by altering IL-12 production after activation signals were engaged. The addition of sCD40L alone to the isolated monocytes produced no change in IL-12 production. However, the cells pretreated with sCD40L for 24 hours produced significantly less IL-12 when activated with IFN-␥ and LPS ( Figure 6A-B) . These data suggest that preexisting sCD40L potentially blocks monocyte activation, and thus the production of IL-12.
Discussion
The immune system's innate and adaptive responses are carefully orchestrated by soluble and membrane-bound regulators that establish the most efficient effectors for preventing cancer development. Tumor cells, however, are also able to induce various soluble factors that favor the recruitment and stimulation of immune suppressor rather than immune effector cell types. In some cases, 1 soluble factor may play a dual role: one for cancer immunity and another for carcinogenesis. 9 The switch between the 2 actions may be controlled by the strength of the soluble factor-induced signaling or by conditions in the tumor microenvironment that favor one action over another. Details of how such countercurrent processes can be regulated remain unclear.
CD40 was initially identified as a B-cell receptor that is key to inducing an effective adaptive immune response. Evidence suggested that immunity against tumors was crucially dependent on CD40-CD40L interactions. Paradoxically, CD40 was also shown to be expressed by endothelial cells and to promote angiogenesis. 5, [8] [9] [10] Ligation of CD40 and CD40L can cause sCD40L to be shed from the cell surface and released into body fluids. Compared with the membrane-bound CD40L, sCD40L is a functional trimer, meaning it can perform functions similar to membrane-bound CD40L but with less signaling strength. 6 Early studies identified increased levels of serum sCD40L in autoimmune diseases, such as systemic lupus erythematosus, 26 as well as a range of vascular diseases, including diabetes, hypertension, peripheral vascular disease, and coronary artery disease, in which angiogenesis is actively involved in disease development. 12, 13 Although a similar sCD40L elevation in sera was seen in these categories of disease, sCD40L was thought to be derived from 2 different cell types, T cells or were enriched for the cell population of CD33 ϩ HLA-DR Ϫ using the Miltenyi isolation kit, and 0, 0.5, 1, or 2 g/mL of sCD40L or a single dose of irrelevant protein human serum albumin (2 g/mL) was added to the culture (2.5 ϫ 10 5 /mL), respectively. Three days later, FACS analysis was performed; the frequency of CD33 ϩ HLA-DR Ϫ cells is shown. (B) sCD40L further decreased T-cell proliferation in the presence of autologous MDSCs. A uniform number of isolated CD3 ϩ cells (10 6 /mL) from 3 HDs were labeled with CFSE and cocultured with various numbers of autologous MDSCs (10 6 /mL, 5 ϫ 10 5 /mL, and 2.5 ϫ 10 5 /mL, respectively). A total of 2 ϫ 10 5 /mL anti-CD3/CD28 beads were added to the cultures, and 2 g/mL of sCD40L was present or absent in the cultures. platelets. In tumor-prone transgenic mice, CD40-mediated neovascularization is essential for early-stage tumorigenicity. 27 In humans, 2 studies found elevated sCD40L in the serum of patients with lung cancer and undifferentiated nasopharyngeal carcinoma. 15, 16 In cancer patients, sCD40L is more likely derived from activated platelets than from T cells, a notion supported by evidence that cancer patients have significant platelet activation, as well as inadequate T-cell activation. [17] [18] [19] [20] Several other studies have focused on the role of membrane-bound CD40/CD40L in angiogenesis, carcinogenesis, and immune activation, but limited data are available on sCD40L and its possible contribution to the negative regulation of immune responses in cancer. In this study, we found levels of serum sCD40L in patients with breast, prostate, and colon cancer that were significantly higher than levels in healthy persons. More importantly, we provide evidence potentially linking elevated serum sCD40L to immunosuppression. 
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The dramatic difference between levels of serum sCD40L in cancer patients (Յ 10 ng/mL) and healthy donors (ϳ 0 ng/mL) led us to hypothesize that serum sCD40L may promote cancer development by suppressing immune activation. MDSCs are key players in immunosuppression. They compose a heterogeneous cell population with potent immune suppressive function and are seen in large numbers in tumor-bearing mice and human cancer patients. 3, 4, 28 We confirmed this observation in patients with metastatic breast and prostate cancer. Our data demonstrated that, before treatment, these patients had a relatively higher frequency of CD33 ϩ HLA-DR Ϫ cells in PBMCs compared with healthy donors. In addition, more of these cells expressed CD40 on the surface than the same cells in healthy donors (P Ͻ .001). These results suggest that the function of MDSCs may be modulated through the CD40 signaling pathway.
To test this hypothesis, we next isolated MDSCs (CD33 ϩ HLA-DR Ϫ cells) from fresh PBMCs of healthy donors. Different amounts of MDSCs were cocultured with a uniform amount of autologous T cells stimulated with anti-CD3/CD28, in the presence or absence of recombinant monomeric sCD40L in the culture medium, which was the dominant form in serum of systemic lupus erythematosus patients. 26 The results indicated an inverse relationship between the number of MDSCs added to the coculture and the level of T-cell proliferation and IFN-␥ production. The addition of sCD40L modestly enhanced this inhibitory effect, resulting in up to 44% decrease in T-cell proliferation and 54% decrease in IFN-␥ production in the coculture. In prolonged culture, the suppressive effect diminished (data not shown); this could be the result of the strong stimulation of anti-CD3/CD28, which do not exist in vivo, directly working on the T cells and overpowering the effect of sCD40L signaling. Blocking the interaction between CD40 and CD40L with antagonistic anti-CD40 antibody decreased the effect of sCD40L. There was no significant expansion of MDSCs by sCD40L when whole PBMCs were used for the test (data not shown). However, when PBMCs were enriched for the CD33 ϩ HLA-DR Ϫ cell population, enhancement of the MDSC population by sCD40L was observed. In addition, our data also showed that there was a trend of increased IL-2 production from activated PBMCs when sCD40L was added. However, the significantly increased production of suppressive cytokines, such as IL-6 and IL-10, may counteract the stimulatory action of IL-2. In accordance with this hypothesis, sCD40L was found to decrease T-cell proliferation in the MDSC and T-cell coculture. Furthermore, GM-CSF, a driver of MDSCs, was also enhanced (P ϭ .054) by sCD40L. Studies conducted during the past decade have identified several factors involved in the proliferation of MDSCs and have documented varied mechanisms used by MDSCs to block antitumor immunity. 3, 28 Our results demonstrate that the elevated sCD40L found in the serum of cancer patients may be one of the factors that enhance the suppressive function of MDSCs.
To investigate sCD40L's involvement in the modulation of T-cell function via MDSCs, we added sCD40L to a culture of whole PBMCs, in which MDSCs and T cells were both present. Murine studies have suggested that MDSCs promote the generation of Tregs, a process that requires the interaction of CD40, which is expressed by MDSCs, with CD40L. 29, 30 Our results demonstrated that adding sCD40L in vitro did expand the MDSCs, as well as the CD4 ϩ CD25 high Foxp3 ϩ (Treg) population, indicating that enhanced T-cell suppression may be the result of sCD40L promoting the expansion of MDSCs and Tregs, 2 potent immunosuppressive cell populations. The molecular mechanisms behind sCD40L's enhancement of MDSCs' suppressive activity need to be further studied.
Phenotypic analysis of T cells in PBMCs from healthy donors and cancer patients, cultured with sCD40L, revealed significantly enhanced markers for T-cell activation, such as CD25 and CD70. Compared with healthy donors, cancer patients showed a more dramatic increase in the inhibitory receptor PD-1 on T cells after incubation with sCD40L. Both murine and human cancer studies have suggested that PD-1 signaling blockade has a therapeutic benefit, 31, 32 decreasing the inhibitory effect of PD-1 on immune responses to cancer. T-cell activation and the generation of protective immunity are usually the result of a balance between positive and negative signals. Although sCD40L has been shown to promote some level of T-cell activation, significant up-regulation of negative signaling molecules in cancer patients could have a stronger inhibitory effect that overcomes the positive effects. Furthermore, several previous studies have indicated that Tregs that express PD-1 have a strong suppressive function. We found more sCD40L-induced PD-1-expressing CD4 ϩ T cells (including Tregs) in cancer patients, implying that sCD40L may enhance the suppressive function of Tregs by up-regulating PD-1 expression on their surface. It is still not clear how sCD40L upregulates PD-1 expression on T cells in cancer patients. Our data provide evidence that CD40L may enhance the suppressive function of MDSCs on T cells because MDSCs have been shown to modulate Treg function. sCD40L could also directly alter PD-1 expression because some T-cell subsets express the receptor CD40. We hypothesize that lowering the levels of sCD40L could enhance the efficacy of immunotherapy, such as PD-1 blockade. Taken together, these findings provide potential evidence that, in cancer patients, higher levels of serum sCD40L may inhibit the antitumor immune response.
In laboratory research, sCD40L is widely used to mature monocyte-derived dendritic cells in vitro. sCD40L added to a monocyte culture after differentiation agents, such as GM-CSF, IL-4, TNF-␣, or other stimuli, induces dendritic cell maturation and the production of IL-12. 33, 34 However, preexisting serum sCD40L in cancer patients may lead to a very different outcome in terms of monocyte activation. A previous study reported significant inhibition of IL-12 production when monocytes were preincubated with sCD40L before adding the activation agents IFN-␥ and LPS. 34 We reproduced this experiment with monocytes derived from PBMCs of healthy donors and observed a significant inhibitory effect on IL-12 production when sCD40L was added to cultures 24 hours before monocyte stimulation by IFN-␥ and LPS. This result suggests that preexisting sCD40L in cancer patients may block production of IL-12 by monocytes when activation signals are present and further suppress T-cell function by a different pathway. Taken together, these data provide further insight into the process of immunosuppression in cancer patients.
Previous studies have suggested that the majority of soluble receptors compete with their membrane-bound counterparts for ligands and thus act antagonistically; very few have been found to be agonistic. 35 It remains unclear how sCD40L acts after shedding from the cell surface in cancer patients, but data from previous studies and from this study suggest 3 potential roles for sCD40L: (1) sCD40L directly promotes tumor-cell growth by engaging CD40 on tumor cells. The strong ligation signal produced by membrane-bound CD40L causes tumor-cell apoptosis, whereas the low ligation signal of sCD40L increases tumor-cell survival and proliferation. Although trimer is the original form of CD40L shed from the cell surface, 2 additional forms, monomer and dimer, were detected in serum of patients with autoimmune disease, and the monomeric sCD40L apparently was the dominant form, 26 suggesting that much weaker ligand signals may occur. (2) sCD40L induces angiogenesis. (3) sCD40L orchestrates an immunosuppressive response in cancer patients by enhancing the suppressive activity of MDSCs, expanding the Treg population, up-regulating PD-1 expression on CD4 ϩ T cells, increasing suppressive cytokine production, and inhibiting IL-12 production by monocytes. All of these potential functions suggest that blocking the production of sCD40L could enhance antitumor responses. Our results demonstrate that, for patients in the PSA-TRICOM phase 2 trial, vaccine therapy did not alter the serum levels of sCD40L. However, patients who had relatively low levels of serum sCD40L before treatment outlived their Halabi-predicted survival, suggesting that a reduction of sCD40L could help enhance the efficacy of subsequent immunotherapy ( Figure 1C ). In addition, there was a significant decrease (P Ͻ .01) in serum sCD40L in castrationresistant prostate cancer patients treated with ketoconazole with or without alendronate 22 ( Figure 1D ). Treatment with ketoconazole, an adrenal steroid inhibitor, was associated with sustained Ն 50% declines in PSA in about half of the patients in this trial, a proportion of responding patients similar to that seen with docetaxelbased therapy, 24 and abiraterone, a recently approved adrenal steroid inhibitor. 25 Analysis of sCD40L levels was performed before and after therapy. Figure 1D shows that, indeed, the treatment resulted in a significant reduction of the sCD40L levels. Anticlotting agents, such as aspirin and clopidogrel bisulfate (Plavix), have been shown to significantly lower sCD40L production in patients with type II diabetes and stable coronary artery disease, conditions in which platelet activation is a factor in pathogenesis. 36, 37 A retrospective analysis of 682 prostate cancer patients showed significant benefit with the combination of anticlotting agents and radiation therapy, 38 adding clinical support to the hypotheses and findings of this study.
